We report on the defect-assisted radiative recombination of photogenerated electrons and holes in GaAs quantum wells ͑QWs͒ during the transport by surface acoustic waves ͑SAWs͒. The studies were performed by detecting the spatial distribution of the photoluminescence ͑PL͒ with a resolution of a few micrometers. Under a SAW, a high PL intensity is observed on spatially localized spots along the SAW propagation path. This high PL intensity is attributed to recombination of the carriers, which are transported by the SAW, induced by charged defects located on or close to the QW plane. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1463706͔
A surface acoustic wave ͑SAW͒ traveling in a piezoelectric medium creates a piezoelectric potential SAW with the same temporal and spatial periodicities as the SAW acoustic field. 1 The potential SAW is sufficiently strong to trap and transport electrons (e) or holes (h) with the SAW velocity v SAW . This SAW-driven transport has been proposed for applications in high-speed analog signal processing, 2 light modulators, 3 as well as for single-electron devices. 4 Recently, Rocke et al. 5 have demonstrated that the moving piezoelectric potential can also dissociate photogenerated excitons and trap the free e and h at its maxima and minima, respectively, thus leading to an ambipolar carrier transport. In addition, the spatial separation of the carriers leads to a remarkable increase of their recombination lifetimes. Since the SAW velocity is several orders of magnitude lower than the light speed, the storage of e and h in the SAW potential provides a practical way of realizing optical memory devices.
An important issue associated with the SAW-induced transport concerns the role of defects, which may distort the charge packets and reduce the transport efficiency. 6, 7 In this work, we investigate the effect of defects on the SAWinduced ambipolar transport of e and h in GaAs quantum wells ͑QWs͒ using spatially resolved photoluminescence ͑PL͒. We demonstrate that the transport efficiency is limited by the radiative carrier recombination at sites located along the SAW propagation path. Interestingly, these sites do not significantly affect the normal diffusion of excitons, which takes place in the absence of a SAW. The recombination sites are attributed to charged defects in or close to the QW plane, which trap the carriers transported by the SAW, thus inducing their recombination.
The samples used in these studies consist of nominally undoped single GaAs QWs with Al 0.3 Ga 0.7 As barriers grown by molecular-beam epitaxy. The GaAs QW is 15 nm wide and located 200 nm below the surface. SAWs propagating along the ͓011͔ direction on the ͑100͒ sample surface were generated using split-finger interdigital transducers ͑IDTs͒ designed for operation at a wavelength SAW of 5.6 m ͑cor-responding to a SAW frequency of 520 MHz at 15 K͒. Spatially resolved PL measurements were performed at that temperature using a microscope with adjustable illumination and detection areas, each with a diameter of approximately 2 m. The measurements were carried out on the SAW propagation path around an arbitrary reference position P 0 ϭ(xϭ0,y ϭ0)m located approximately 100 m away from the edge of the IDT, as shown in the inset of Fig. 1 . The PL was excited using a cw radiation from a Ti-sapphire laser ( L ϭ750 nm), which is transparent to the barriers.
The solid lines in Fig. 1 show typical PL spectra recorded for confocal illumination and detection at P 0 in the absence ͑thin line͒ and in the presence of a SAW ͑thick line͒. In the absence of a SAW, the strong PL peak at 1.533 eV and the weak line at 1.539 eV are assigned to the electronheavy-hole (e -hh) and to the electron-light-hole (e -lh) transitions in the QW, respectively. The e -hh line consists of two overlapping components with an energy separation of approximately 0.5 meV, which are attributed to a localized and to the free-exciton states, respectively. These two components become resolved in PL spectra recorded under a SAW ͓thick line in Fig. 1͑b͔͒ . The overlap between the two lines prevents a clear observation of the splitting of the trana͒ Electronic mail: santos@pdi-berlin.de FIG. 1. Excitonic PL spectra recorded in the absence ͑thin line͒ and in the presence of a SAW ͑thick line͒ for confocal excitation and detection at the reference position P 0 . The dotted line displays the PL spectrum detected under a SAW at the luminescence site P 1 , for excitation at P 0 . The inset shows a schematic setup of the PL measurements. The PL was excited by applying a nominal rf power of 13 dBm to the IDT. APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 13 1 APRIL 2002 sition lines, which is expected due to the band-gap modulation induced by the SAW strain field. 9 In addition, the PL intensity becomes strongly suppressed as a consequence of the ionization of the photogenerated excitons and the subsequent transport of the free e and h away from the detection area by the moving SAW field. 8, 5, 9 The SAW-induced ambipolar transport can be directly visualized by measuring the spatial distribution of the PL around a microscopic illumination spot. The contour plots in Figs. 2͑a͒ and 2͑b͒ show the spatial dependence of the integrated PL intensity I PL,int around P 0 in the absence and in the presence of a SAW, respectively. I PL,int was obtained by integrating the PL spectrum over the energy range of the e -hh transition ͑between 1.530 and 1.536 eV, cf. Fig. 1͒ . The symmetric I PL,int distribution in Fig. 2͑a͒ is attributed to the isotropic exciton diffusion away from the generation area. In contrast, the distribution profile in Fig. 2͑b͒ becomes asymmetric under a SAW due to the ambipolar carrier transport along the SAW propagation direction. Compared with Fig.  2͑a͒ , the spatial separation of e and h by the SAW piezoelectric field leads to an increased recombination lifetime and, thus, to much longer carrier diffusion lengths in the direction parallel to the SAW wave fronts ͑y direction͒.
A striking phenomenon in Fig. 2͑b͒ is the appearance of spots of strong PL emission at positions far away from the generation area ͓e.g., at positions P 1 ϭ(12,Ϫ2)m, P 2 ϭ(7.5,9)m, and P 3 ϭ(4,7)m͔. The lateral extent of these luminescence sites ͑LSs͒ is smaller than the SAW wavelength. The PL spectrum recorded at position P 1 for excitation at P 0 is displayed by the dotted curve in Fig. 1 . Note that the recombination energy is close to that of the localized exciton.
Figures 3͑a͒ and 3͑b͒ display PL intensity profiles recorded for excitation at different distances ⌬x s from the LS P 1 in the absence and in the presence of a SAW, respectively. The LS is located at the abscissa ⌬xϭ0 in Figs. 3͑a͒ and 3͑b͒. Under a SAW, the LS appears as a shoulder in the PL profiles of Fig. 3͑b͒ , which does not shift with the position of the generation spot.
A further interesting property of the LSs is that, while they act as efficient recombination sites for e and h during the ambipolar transport by a SAW, they have a minor effect on the normal exciton diffusion in the absence of a SAW. This behavior is illustrated by the exciton diffusion profiles of Fig. 3͑a͒ . For all excitation powers investigated, the integrated PL intensity decays exponentially away from the generation spot, as expected for isotropic diffusion in a twodimensional system. The PL decay length yields an exciton diffusion length of 2 m. Apparently, the LS does not modify the diffusion profiles, which remain symmetric on both sides of the generation area.
We attribute the LSs in Fig. 2͑b͒ to the indirect action of charged defects on the carriers transported by the SAW. The electric field produced by the charged defects reduces the magnitude of the transport field acting on the carriers below the value F min ϭv SAW / ͑ denotes the carrier mobility͒ necessary for SAW-induced transport. Due to their lower mobilities, holes are more susceptible of being trapped near a negative defect. During one half of the SAW cycle, positive carriers will accumulate in the QW region close to the defect, as illustrated in Fig. 4͑a͒ ͓the defects are assumed to be negatively charged in Fig. 4͑a͔͒ . In the second half of the SAW period, they will then recombine with carriers of opposite sign transported by the SAW ͓Fig. 4͑b͔͒.
Since the electric field produced by the charged defect must be comparable to the SAW piezoelectric field ͑of a few kV/cm͒, the distance between the defects ͑assumed to have an elementary charge͒ and the QW must be less than 0.1 m. From the LS areal density of 10 6 -10 7 cm Ϫ2 in Fig. 2͑b͒ , we calculate an effective volume density of 10 11 -10 12 cm Ϫ3 . The former is considerably higher than the expected density of dislocations, but significantly lower than that of typical interface point defects in ͑Al,Ga͒As/GaAs QWs. 10 Finally, we briefly consider two types of charged defects which can account for the different impacts of the LCs on exciton diffusion and on the SAW-induced ambipolar transport of e and h. The first consists of defects close to the interfaces between the Al 0.3 Ga 0.7 As barrier and the GaAs QW, which are known to act as electron traps. 10, 11 In order not to affect the excitons, the defects should only be able to trap electrons and become charged at the locations of high electronic density close to the maxima of the piezoelectric potential. After that, they should remain charged for times considerably larger than the SAW period T SAW . 7 The second type of defects are charged sites in the barriers separated from the GaAs QW plane by a distance d much larger than the exciton Bohr radius (a B ), but considerably shorter than the SAW wavelength. Under these conditions, the electric potential d generated by the defect in the QW plane will exert only a small force on excitons ͓proportional to ٌ(ٌ d .p), where p denotes the exciton dipole moment͔, but will strongly affect the SAW-induced transport of positive and negative charges, which are separated from each other by a distance SAW /2ӷa B .
In summary, we have demonstrated that the efficiency of the ambipolar transport of carriers by a SAW in GaAs QWs is limited by radiative recombination sites. These sites, which have different effects on the SAW-induced transport and on the normal exciton diffusion, are attributed to charged defects located in the QW or in the QW barriers.
